Phenotypic mutations (errors occurring during protein synthesis) are orders of magnitude more frequent than genetic mutations. Consequently, the sequences of individual protein molecules transcribed and translated from the same gene can differ. To test the effects of such mutations, we established a bacterial system in which an antibiotic resistance gene (TEM-1 ␤-lactamase) was transcribed by either a high-fidelity RNA polymerase or its error-prone mutant. This setup enabled the analysis of individual mRNA transcripts that were synthesized under normal or error-prone conditions. We found that an increase of Ϸ20-fold in the frequency of transcription errors promoted the evolution of higher TEM-1 expression levels and of more stable enzyme variants. The stabilized variants exhibited a distinct advantage under error-prone transcription, although under normal transcription they conferred resistance similar to wild-type TEM-1. They did so, primarily, by increasing TEM-1's tolerance to destabilizing deleterious mutations that arise from transcriptional errors. The stabilized TEM-1 variants also showed increased tolerance to genetic mutations. Thus, although phenotypic mutations are not individually subjected to inheritance and natural selection, as are genetic mutations, they collectively exert a direct and immediate effect on protein fitness. They may therefore play a role in shaping protein traits such as expression levels, stability, and tolerance to genetic mutations.
A
wealth of error-prevention and correction mechanisms have evolved to lower the mutation rates of DNA, resulting in rates of genomic mutations that are in the order of 5 ϫ 10 Ϫ10 nucleotide exchanges per position per generation (1) . In contrast, the mutation rates of mRNA transcription and translation, leading to protein synthesis, are Ϸ5 and 6 orders of magnitude higher respectively (2) (3) (4) (5) . Because the average length of proteins in prokaryotes is Ϸ350 aa (6) , synthesis errors would introduce, on average, a phenotypic mutation in 1 of 10 protein copies. For the largest Escherichia coli ORF (7,200 bases) errors might be found in more than half of the copies (7) . In general, the generation of multiple mRNA copies from the same gene ensures a sufficient amount of wild-type mRNA and protein molecules. This may explain why the rates of phenotypic mutations have remained relatively high (8) . However, in cases where the number of protein copies in the cell is very low, phenotypic mutations may significantly affect fitness (8) . Indeed, Ͼ80% of E. coli genes express fewer than a hundred protein copies, and many are produced at Յ20 copies per cell (9) . At high expression rates, the fraction of mutated and misfolded proteins can lead to accelerated aggregation and reduced fitness (10) (11) (12) . Thus, abnormal proteins resulting from phenotypic mutations can burden cells by reducing the amount of functional protein, wasting metabolic resources, engaging folding and degradation pathways, and creating toxic aggregates. Indeed, under specific circumstances, phenotypic mutations have been found to promote adverse physiological conditions such as senescence (13, 14) , neurodegeneration (15, 16) , and cancer (17) .
The responses of organisms, and their protein components, to genetic mutations have been the subject of numerous studies.
However, the evolutionary implications of phenotypic mutations have been mostly explored by theoretical means (5, 8, 11, 18) . Here, we examined the effects of phenotypic mutations in an experimental model system based on the expression of a plasmid-encoded ampicillin degrading enzyme, TEM-1 ␤-lactamase. TEM-1 confers resistance to ampicillin on bacterial cells, and changes in the expression levels and activity of the enzyme have a direct and quantifiable effect on the survival of E. coli in the presence of different concentrations of ampicillin. Using a T7 DNA-dependent RNA polymerase (T7 RNAP), and an error-prone mutant thereof (19) , we studied the responses to an increased rate of phenotypic mutations. Reverse transcription of TEM-1 transcripts, and cloning of the resulting cDNAs, enabled the analysis of individual transcript molecules that stemmed from expression of the same gene. In this way, the sequence variations caused by transcription errors, and their effects on TEM-1's stability and function, could be analyzed. We could thus ask the question: Does an increased load of phenotypic mutations exert a selection pressure, and if so, how would TEM-1 evolve to address this pressure?
Results

Error-Prone Transcription and Reduced Ampicillin
Resistance. The TEM-1 gene was placed under a T7 promoter using a vector dubbed TEM-1-pET27, so that its expression, and ampicillin resistance, became dependent on the expression of a T7 RNAP (Fig. 1) . The T7 RNAP, which is not an endogenous E. coli enzyme, was expressed under the lac promoter using the pACYC-T7 vector ( Scheme S1d). We also used a previously described error-prone mutant, mutator-T7 RNAP, that increases the rate of transcriptional errors by 20-fold (19) .
We first examined the differences in ampicillin resistance of cells expressing TEM-1 by either wild-type, or the mutator, T7-RNAPs. For each T7-RNAP we randomly picked 50 genetically identical colonies harboring both the TEM-1-pET27 plasmid and the T7 RNAP expression plasmid. These were grown to mid-log phase and plated on a series of agar plates containing increasing concentrations of ampicillin. The fraction of surviving colonies at each ampicillin concentration was determined (Fig. S1 ). The mid inhibitory concentration (IC 50 )-i.e., the concentration of ampicillin under which 50% of the colonies survived, was found to be Ϸ2,700 g/mL for wild-type T7 RNAP, and only 1,200 g/mL for the mutator-T7-RNAP. Approximately 2/3 of this decrease in colony survival was attributed to the reduction in transcription efficiency by mutator-T7-RNAP (19) leading to a reduction in TEM-1 levels. The remaining third related to the incorporation of deleterious mutations into TEM-1 mRNAs during error-prone transcription, as the following comparison of TEM-1 cDNAs generated from both types of cells-those containing wild-type T7 RNAP, and those containing the mutator RNAP-had indicated.
Total RNA was isolated from cultures of both cell types, followed by reverse transcription of mRNA molecules using a TEM-1 specific primer. The resulting cDNAs were PCR amplified and cloned into the pET27 vector that was previously used for the expression of wild-type TEM-1. Representative plasmids from the resulting cDNA libraries were sequenced, expressed, and tested for their ability to confer ampicillin resistance relative to wild-type TEM-1.
The observed mutation frequency in all cDNA libraries included contributions from reverse transcription and cDNA amplification errors. Upon reduction of these contributions from the mutation rate in cDNAs derived from wild-type T7 RNAP (0.29 ϫ 10 Ϫ3 ) ( Table 1 ) we calculated that its ''net'' mutation rate was 0.06 ϫ 10
Ϫ3
as originally reported in refs. 19 and 20. This rate is similar to that of native E.coli RNAP (Ϸ0.01 ϫ 10 Ϫ3 ) (2, 4). The observed mutation frequency in cDNAs derived from the mutator-T7-RNAP was Ϸ6-fold higher. The net mutation rate due to error-prone transcription (after subtracting the expected contributions of reverse transcription and cDNA amplification) was therefore Ϸ1.4 ϫ 10 Ϫ3 , which is 24-fold higher than wildtype T7 RNAP. These values are in agreement with the original report of mutator-T7-RNAP (1.25 ϫ 10 Ϫ3 ) (19) . The mutator's error frequency resulted in, on average, 1.3 mutations per TEM-1 transcript, as opposed to Ϸ0.05 for wild-type T7 RNAP. This rate is 10-fold greater than the estimated normal rate of protein synthesis errors in E.coli (2) (3) (4) 21) , which normally results from both transcription and translation errors. Notably, despite the experimental noise of mutations related to the production of cDNAs, in transcripts generated by the mutator T7 RNAP, the majority of mutations [(1.47/1.7) ϫ 10 Ϫ3 ϭ 85%] resulted from error prone transcription and not from the process of generating the cDNAs.
A marked difference in the percentage of surviving cells at various ampicillin concentrations was observed upon transformation of the different cDNA libraries (Fig. 2A) . Because of errors incorporated during their production, TEM-1 cDNAs derived from wild-type T7 RNAP transcription were compromised by Ϸ20% relative to the control. However, TEM-1 cDNAs derived from mutator-T7 RNAP transcription were compromised by Ϸ40%. This difference in survival was the outcome of the Ϸ6-fold higher mutation rate observed in the cDNA library from mutator-T7-RNAP (Table 1) .
Deleterious Nature of Transcriptional Errors. To unravel the link between reduced ampicillin resistance and the incorporation of transcriptional errors, we sequenced 40 cDNA clones derived from transcription of wild-type TEM-1 by the mutator-T7-RNAP. As shown in Table 2 , clones that exhibited severely compromised ampicillin resistance levels, carried deleterious mutations of various sorts: nonsense mutations (frameshifts due to single nucleotide insertions and deletions, and stop codons, comprising 25% of the mutations) and missense mutations including mutations in TEM-1's active-site, and in its scaffold. The severity of the latter was estimated by predicting their destabilizing effects (⌬⌬G values) using FoldX (22, 23) . Indeed, these mutations were predicted to be more destabilizing (average ⌬⌬G value Ϸ 2.3 kcal/mol) than the Fig. 1 . A schematic description of the experimental system. TEM-1 ␤-lactamase was transcribed from plasmid TEM-1-pET27 under a T7 promoter. To enable the transcription of TEM-1, wild-type T7 RNA polymerase, or a mutant that exhibits Ϸ20-fold higher rate of transcriptional errors (mutator T7 RNAP) were expressed from plasmid pACYC-T7. TEM-1 transcripts carrying mutations resulted in mutated enzyme molecules, and reduced levels of ampicillin resistance. The reproduction of single transcripts and their encoded TEM-1 molecules was achieved by reverse transcription and PCR amplification (RT/PCR) to obtain cDNAs that were subsequently cloned and individually analyzed. *The total number of mutations identified in cDNA clones divided by the number of base-pairs sequenced. The errors were estimated from the comparison of the mutation frequencies in two independently prepared cDNA libraries. † The estimated ЉnetЉ mutation frequency was obtained by removing the expected contributions of reverse transcription (3 ϫ 10 Ϫ5 ) (44) , and PCR amplification (Ϸ2 ϫ 10 Ϫ4 ) (45) , from the observed mutation frequency. ‡ The observed mutation frequency in this cDNA library was lower than in the two other libraries obtained from error-prone transcription, probably due to residual amouns of plasmid DNA that were not destroyed by the DNase treatment, and contaminated the PCR amplification.
average of all possible single nucleotide mutations in TEM-1 (1.4 kcal/mol) (23) . Thus, the loss of ampicillin resistance in cDNA clones of TEM-1 was related to the incorporation of deleterious mutations, often by compromising protein stability. As expected, clones from the same cDNA library that exhibited wild-type-like resistance carried fewer mutations overall (44% carried no nonsynonymous mutations), did not incorporate nonsense mutations, and exhibited lower predicted ⌬⌬G values (Ϸ1.5 kcal/mol, on average; Table S1 ).
Selection for Increased Ampicillin Resistance Under Error-Prone Transcription. Next, we attempted to evolve TEM-1 to regain ampicillin resistance under error-prone transcription by cloning a random library of TEM-1 mutants into pET27 and selecting for increased ampicillin resistance in cells that express mutator-T7 RNAP. The library, taken from a genetic drift described in ref. 24 , was generated by error-prone PCR of wild-type TEM-1. It was subjected to a purifying selection to purge inactive TEM-1 variants by plating on low levels of ampicillin, and contained, on average, 2.2 Ϯ 1.5 nonsynonymous mutations per gene. Initially, cells transformed with this library (Ն10 6 ) were plated on agar plates containing 250 g/mL ampicillin. Surviving colonies were pooled and replated on selection plates. This protocol was repeated while increasing the ampicillin concentration by 50 g/mL for each round of selection. After 4 rounds of selection, plasmids of surviving variants were subjected to another round of mutagenesis by error-prone PCR, recloned, transformed and reselected on increasing levels of ampicillin. The cycle of 4 selection rounds and mutagenesis was repeated 3 times to increase the diversity of selected clones. Random samples of surviving clones were sequenced and their levels of ampicillin resistance measured (SI Materials and Methods).
Elevated Resistance by Increased TEM-1 Doses. The first isolated variants that had evolved improved ampicillin resistance showed enhanced expression, or export, of TEM-1. The fixed mutations occurred in the N-terminal signal-peptide of TEM-1 that directs its export to the periplasm and is subsequently cleaved to generate the mature enzyme. Variants showing high levels of ampicillin resistance carried either the Q6R, or the H7R, signal peptide mutations. These mutations are likely to increase antibiotic resistance by rendering the signal peptide more basic, and facilitating export by increasing the affinity of the protein to the negatively charged lipid membrane (25) . A test of active TEM-1 levels using a chromogenic substrate and Western blots confirmed that the increased levels of ampicillin resistance of these mutants correlate with a 2-fold increase in the periplasmic levels of active TEM-1 ( Fig. 3 and Fig. S2c) .
Two other mutations were observed in selected variants with enhanced resistance. These 2 single base deletions (del C -117 and G -123) occurred in the lacO operator sequence downstream to the T7 promoter that controls TEM-1's expression. They increased ampicillin resistance levels under mutator-T7-RNAP transcription to 3,000 (g/mL) by alleviating the lacI-mediated repression of transcription. Although the promoter region was not mutated during library making, these mutations rose spontaneously and were subsequently selected. Their role was confirmed by recloning wild-type TEM-1 into the mutated plasmids, and validating the increased resistance levels. As expected, the enzyme levels of these promoter mutants were 2.5-fold higher than those produced by the normal promoter (Fig. 3 and Fig. S2c ).
Both types of mutations, signal peptide and promoter, were particularly beneficial under our selection and increased ampicillin resistance levels by Ն2.5-fold (Fig. S2 ). However, their emergence is most likely related to the low processivity of mutator-T7-RNAP (19) , which leads to reduced expression levels, because they provided a similar advantage under high-fidelity transcription (Fig. 3) . Nevertheless, their elevated expression levels were also compensating for the increased fraction of inactive enzyme molecules carrying phenotypic mutations. In fact, similar mutations in TEM-1's signal peptide (26) and promoter region (27) were found in clinically isolated variants with extended spectrum ␤-lactamase activities.
Elevated Resistance by Mutations in the Mature Protein. To explore additional solutions to the deleterious effects of transcriptional errors, we amplified the TEM-1 variants library with a primer that restored the sequence of the wild-type's signal peptide, thus restricting mutations to the mature enzyme. The reamplified library was cloned to pET27 and selected for increased levels of ampicillin resistance under error-prone transcription as described above. We subsequently analyzed and sequenced a total of 106 variants isolated from various rounds of selection (Table S2) . On average, the analyzed variants contained 5 Ϯ 2.5 mutations per clone, of which 53% were nonsynonymous, and exhibited under error-prone transcription significantly higher ampicillin resistance levels than wild-type TEM-1. The 3 most frequent nonsynonymous mutations were M182T (in 22% of all analyzed clones), R120G, and E147K (15%, and 13%, of the clones, respectively) ( Table S3a) . M182T and R120G were present in various mutational backgrounds, but E147K was found exclusively in combination with M182T (Table S3c) . These 2 mutations were the most frequent pair of nonsynonymous mutations, found in 13% of the selected variants. The combination of M182T and R120G was the second most prevalent combination (7.5%).
We then analyzed the individual and pairwise contributions of these 3 mutations to resistance. The corresponding TEM-1 mutants were engineered by site-directed mutagenesis and their ampicillin resistance measured. Apart from the single E147K mutation, all mutants tested exhibited improved resistance values relative to wild-type TEM-1. The double-mutants (E147K-M182T and R120G-M182T) conferred ampicillin resistance levels that were higher than M182T on its own (Fig. 4A) . Thus, E147K was only advantageous at the background of M182T, explaining why this mutation never appeared on its own. Notably, these mutants exhibited comparable resistance levels to wild-type TEM-1 (or even lower in the case of E147K) when transcribed by wild-type T7 RNAP (Fig. 4B) . Thus, the selected mutations confer an advantage only under high rates of phenotypic mutations.
We also tested 2 representative synonymous mutations that occurred at high frequency in the selected variants: R259R (CGT to CGG; 15.1%) and F151F (TTT to TTC; 10.4%) ( Table S3b ). These mutations contributed subtly but reproducibly to resistance under error-prone transcription, on their own, and together with the stabilizing mutation M182T (Fig. S3) . Their accumulation may be due to a beneficial effect on translational fidelity, similar to the selection of synonymous mutations that increase translational fidelity (11).
Evolved Variants Exhibit Increase Stability.
To analyze the contributions of the mutations identified here (i.e., E147K, R120G, M182T) we determined the stability and enzymatic parameters of the purified protein mutants (Table S4 ). The kinetic parameters of these mutants were very similar to those of wild-type TEM-1. However, the observed increases in thermodynamic stability of these mutants (⌬T m values) were largely in agreement with their increased ampicillin resistance (e.g. ⌬T m for M182T was 5°C, and for R120G-M182T, 7.3°C). The double-mutant E147K-M182T, comprised an exception whereby in contrast to its higher resistance level relative to M182T (Fig. 4A ), its T m value was slightly lower (3.7°C).
It appears that the increased fitness of the variants evolved under error-prone transcription is related to their increased stability. Two Active enzyme levels of wild type TEM-1 and evolved variants. Wild-type TEM-1 ␤-lactamase and its evolved variants harboring either signal peptide mutations (Q6R, H7R) or promoter deletion mutations (⌬C-117, ⌬G-123) were expressed in cells using either wild-type T7 RNAP (black bars), or mutator T7 RNAP (gray bars). After IPTG induction, the cells were incubated with nitrocefin (a synthetic, chromogenic, ␤-lactamase substrate) and the initial rates of nitrocefin breakdown, proportional to the periplasmic levels of active ␤-lactamase were monitored. TEM-1 levels were confirmed by a Western blot analysis (Fig. S2c) . of the 3 mutations (M182T and R120G) were shown to increase TEM-1 stability (both thermodynamic and kinetic stability (28) (29) (30) ), and the third one (E147K) seems related to a stabilizing mutation in the same position (E147G) (29, 31) . The first 2 mutations were also shown to act as global suppressors toward a wide range of destabilizing genetic mutations in TEM-1 (29) .
Evolved Variants Buffer Deleterious Transcription Mutations. Bacteria-expressing cDNAs, derived under error-prone transcription from cells that expressed the double-mutants (E147K-M182T and R120G-M182T), showed increased levels of ampicillin resistance compared with bacteria containing cDNAs from wild-type TEM-1 derived under the same conditions (Fig. 2B ). An examination of cDNA sequences revealed that highly destabilizing mutations were much more frequent in cDNAs derived from the double-mutants than in cDNAs from wild-type TEM-1. Specifically, the cDNAs of double-mutants showing severely compromised resistance (including cDNAs showing no resistance) ( Table 2 ) carried a higher fraction of nonsense mutations (Ն48%) than wild-type cDNAs (Ϸ25%). The average ⌬⌬G values of mutations (as predicted by FoldX) were up to 1.3 kcal/mol more destabilizing in cDNAs derived from the double-mutants than those observed in cDNAs derived from wild-type TEM-1 (2.3 kcal/mol vs. 3.6 and 3.5 kcal/ mol) ( Table 2 ). The cDNAs from both wild-type and doublemutants that enabled bacterial survival at high ampicillin concentrations exhibited less differences in the severity of deleterious mutations because at these resistance levels, tolerance to mutations was very low (Table S1 ).
Discussion
Similar to certain pathological manifestations (15, (32) (33) (34) , our experimental system introduced phenotypic mutations at a rate much higher than normal. The normal rate of phenotypic mutations probably results from a balance between the fitness cost imposed by their deleterious effects, and the cost of decreasing their incidence. The latter is considerable-increasing translational fidelity by ribosomes, for example, resulted in slower growth rates (35) . Loss of protein function due to phenotypic mutations sets an upper limit to their frequency, but there might be little pressure to reduce their occurrence beyond the current frequency (8) . Nonetheless, our results suggest that phenotypic mutations impose a considerable fitness cost and that they may have had a role in the evolution of certain traits. However, our experimental system and the theoretical model (8) , were both limited to the effects of phenotypic mutations at the protein level (loss of function due to deleterious mutations), and did not address possible effects on the organism such as the toxicity of aggregates (10, 11, 15) .
Our experiment, using TEM-1 as a model protein, indicated an immediate effect of phenotypic mutations on protein dose and stability. Both effects were quantified based on the characteristics of the variants evolved toward higher fitness under error-prone transcription. Increasing the rate of transcription mutations by a factor of 24, to a rate of Ϸ1 mutation per copy, resulted in the evolution of TEM-1 variants exhibiting 2-fold higher expression levels and variants with the ability to buffer destabilizing mutations with ⌬⌬G values that are Ն1.3 kcal/mol higher than wild-type TEM-1 ( Table 2) . Although higher expression levels may have evolved partly in compensation for the low processivity of mutator-T7 RNAP, which leads to lower expression levels, the evolved tolerance to destabilizing mutations is consistent (or perhaps even an underestimation) with the stabilizing contribution of M182T (2.7 kcal/mol) (28) , and the additional stabilizing mutations seen here. Moreover, stabilizing mutations conferred an advantage only under error-prone transcription. Hence they have evolved specifically in response to the introduction of transcription mutations by mutator-T7 RNAP, and not in response to its reduced transcription levels. Increased expression and stability can have an additive effect under error-prone transcription as can be seen by comparing the separate and combined gains in ampicillin resistance levels they produced (Figs. S2a and S4a) . However, although increased expression provides an immediate solution, it imposes a fitness cost due to the cost of expression (36) , and the potential deleterious effects of aggregates that become considerably more adverse at high expression levels (11, 37) . Thus, an increase in protein stability may better serve as a long-term solution for phenotypic mutations because it does not carry with it the penalties of increased expression levels. Phenotypic mutations originating from transcription errors differ from those that originate in translation errors by being more random. Translation errors are highly codon biased (21) and can promote a selection for high-fidelity codons (11) . However, they are Ϸ10-fold more frequent than transcription errors (3), perhaps indicating the limits of codon optimization for error-reduction. An increase in protein stability may thus provide a general strategy for dealing with errors that originate from both stages of protein synthesis.
There are fundamental differences between the selections for robustness against genetic and phenotypic mutations. The increase in tolerance to phenotypic mutations is classified as environmental robustness-namely as robustness against nonheritable perturbations such as temperature, salinity, developmental noise or transcription errors (38, 39) . However, heritability is essential for the evolution of buffering mechanisms that endow cells with robustness against such perturbations. There is, therefore, a major difference in the benefit for cells that inherit mutational buffers such as protein stabilizing mutations. Although such mutations present an immediate advantage to the cell by buffering phenotypic mutations, they only present a potential future advantage to the cell's progeny by subsequently buffering genomic mutations. Thus, the acquisition of robustness against phenotypic mutations constitutes a form of ''first order adaptation,'' which might be observed in a wide range of organisms (11) . The acquisition of robustness against genetic mutations is a ''second-order adaptation'' that may only be dominant under very high genetic mutation rates (38, 39) . Indeed, we have previously subjected TEM-1 to a greatly increased rate of genetic mutations (29) . The emergence of R120G and M182T under an intense load of genetic mutations was a more subtle phenomenon. After 18 rounds of mutation and selection, these mutations were enriched in the population, but not fixed (29) . Unlike the variants isolated from the selections for phenotypic robustness described here, variants selected under an increased load of genetic mutations also carried a load of deleterious mutations such that, on average, their overall stability was lower than wild-type TEM-1 (29) . In contrast, under an increased rate of phenotypic mutations, both R120G and M182T were enriched within 4-5 rounds and fixed by the 8th round (Table S3) . Our results, therefore, suggest that the emergence of mutational robustness in natural proteins could be the result of the direct selection pressure imposed by phenotypic mutations rather than a second-order adaptation to genetic mutations (38) .
As previously mentioned, some of the stabilizing mutations that evolved in response to protein synthesis errors and genetic mutations were similar. Two of the 3 most prevalent mutations that were selected under error-prone transcription (R120G and M182T) were shown to act as global suppressors and increase TEM-1's tolerance to genetic mutations (29, 40, 41) . Interestingly, both suppressors also bring TEM-1's sequence closer to its predicted ancestor and family consensus (29) . In contrast, the selected mutation E147K, which provides increased fitness under error-prone transcription only when combined with M182T (Fig. 4A) , and the selected synonymous mutations, do not correlate with increased thermodynamic stability. It is possible that E147K contributes to TEM-1's kinetic stability, as observed for other mutations (29) , and that the synonymous mutations help reduce translation errors (11) . Thus, the requirements for TEM-1's tolerance to genetic and phenotypic mutations appear to be overlapping, but not necessarily identical.
The mutational robustness of proteins can be described as a margin of stability beyond what is required to maintain the protein's structure and function (39, 41) . This margin endows proteins with the ability to temporarily buffer the deleterious effects of destabilizing mutations, and thus evolve faster (24, 41) . Likewise, the expression of proteins can often reach levels that are higher than needed for survival (39, 42) , and this excess can buffer various environmental and genetic perturbations. Among other factors, these extra margins of stability and expression may have resulted from the need to address phenotypic rather than genetic mutations.
Materials and Methods
A detailed description of materials and methods is available in SI Materials and Methods.
IC50 Values.
Freshly transformed colonies were picked from agar plates into 96-deep-well plates and grown overnight in liquid medium. These cultures were diluted into a new set of 96-deep-well plates, grown to mid-log phase, rediluted, and replica plated using a 96-pin replicator on a set of agar plates containing varying concentrations of ampicillin (0 -3,000 g/mL). The surviving colonies were counted after overnight growth. IC 50 was defined as the concentration of ampicillin under which 50% of the colonies carrying a given TEM-1 variant and T7 RNAP, survived.
Directed Evolution. The TEM-1 library was taken from a genetic drift described in ref. 24 . Specifically, we used the 5th round of Lib250, that was subjected to purifying selection on 250 g/mL ampicillin. The library was recloned into pET-27, transformed to JM109 cells containing the mutator-pACYC-T7 plasmid (Ն10 6 transformants), and plated on agar plates. Overnight colonies were collected, pooled, and grown to mid-log phase in liquid medium. Cultures were diluted (1:100) and plated on agar plates with ampicillin (250 g/mL). Surviving colonies were pooled, diluted and grown for the next round. Ampicillin concentrations were increased by 50 g/mL for each round of selection. After 4 selection rounds (i.e., 1 selection cycle) plasmids of surviving variants were extracted and their TEM-1 genes were mutagenized using error-prone PCR. Overall, a total of 3 selection cycles, resulting in 12 selection rounds and 2 mutagenesis steps, were performed.
Engineered Mutants. TEM-1 mutants were constructed by all-around PCR on TEM-1-pET27. Their sequence was verified, and IC 50 values were determined. Purified proteins were obtained after recloning each TEM-1 variant to pET24 containing an ompA signal peptide region, expression, and purification of the secreted protein (29, 43) . Apparent midpoint temperatures of melting (T m) and kinetic parameters were determined as described in ref. 29 .
␤-lactamase Levels by Nitrocefin. Individual overnight colonies expressing either wild-type TEM-1, or its variants, were picked into 96-deep-well plates, grown as in IC 50 assays, and induced by IPTG. Cultures were diluted in potassium phosphate buffer pH 7.25 inside ELISA plates, and nitrocefin (50 g/mL) was added. Product release was measured as absorption in 486 nm, and enzyme levels were determined by comparing the linear phases of nitrocefin hydrolysis (v 0).
